Cognitive behavioral therapy (CBT), an effective treatment for depression, targets self-referential processing of emotional stimuli. We examined the effects of CBT on brain functioning during self-referential processing in depressive patients using functional magnetic resonance imaging (fMRI). Depressive patients (n=23) and healthy participants (n=15) underwent fMRI scans during a self-referential task using emotional trait words. The depressive patients had fMRI scans before and after completing a total of 12 weekly sessions of group CBT for depression, whereas the healthy participants underwent fMRI scans 12 weeks apart with no intervention. Before undergoing CBT, the depressive patients showed hyperactivity in the medial prefrontal cortex (MPFC) during self-referential processing of negative words. Following CBT, MPFC and ventral anterior cingulate cortex (vACC) activity during self-referential processing among depressive patients was increased for positive stimuli while it was decreased for negative stimuli. Improvements in depressive symptoms were negatively correlated with vACC activity during self-referential processing of negative stimuli. These results suggest that CBT-related improvements in depressive symptoms are associated with changes in MPFC and vACC activation during self-referential processing of emotional stimuli. 
Depression is an affective disorder characterized by emotional, cognitive, and behavior dysfunction. Depressive mood, negative cognitive biases, and behavioral withdrawal interact with each other, and this interaction helps maintain depressive symptoms (Beevers, 2005) . Negative cognitive biases include negative thinking patterns and memory biases, and in general serve to sustain negative emotional processing. In turn, negative emotional processing repeatedly reinforces negative cognitive bias, thereby shaping maladaptive feedback loops (Teasdale, 1985) . According to Beck's cognitive theory of depression, depressive patients frequently have negative thoughts about the self (Beck, 2008) . This self-referential bias is a key dysfunctional cognition that maintains and intensifies depression. Self-referential bias is associated with rumination or maladaptive self-focus (Ingram, 1984; Nolen-Hoeksema et al., 2008; Pyszczynski & Greenberg, 1987) . Several studies provide evidence that rumination and maladaptive self-focus with regard to stressors or negative emotional events induce negative mood (Moberly & Watkins, 2008; Mor & Winquist, 2002) .
The core brain regions involved in depression-related negative self-referential bias are the medial prefrontal cortex (MPFC), the ventral anterior cingulate cortex (vACC) , and the amygdala. The MPFC shows aberrant engagement during 4 self-reference processing (Grimm et al., 2009; Johnson et al., 2009; Lemogne et al., 2009 Lemogne et al., , 2010 2011; Northoff, 2007) . The vACC and amygdala are associated with evaluation of emotional stimuli and elicitation of emotional responses (Bush et al., 2000; Habel et al., 2005; Moran et al., 2006; Siegle et al., 2002) . We therefore propose that the MPFC, vACC, and amygdala might be involved in self-referential processing of negative emotional stimuli, and as such might constitute a dysfunctional cognitive-emotional neural circuit that underlies depression.
Cognitive Behavioral Therapy (CBT) seeks to disrupt the vicious cycle of depressed mood, dysfunctional cognition, and behavioral inhibition that is observed in depressive disorders. CBT's targets include negative self-referential cognitions. A few studies have investigated the effects of CBT on brain functioning in depression. Resting state PET studies have found that patients who receive CBT show increased activation in the dorsal ACC and decreased activation in the DLPFC and MPFC, compared with patients who receive pharmacotherapy Kennedy et al., 2007) .
Using an experimental task to more directly engage affective processing, Fu and colleagues (2008) reported decreased amygdala activity in depressive patients following CBT, with dorsal ACC activity being associated with a clinical response. The results of these studies suggest that CBT might have an effect on the medial frontal region. We 5 propose that the abnormal brain activation observed in depressive patients might not only reflect relatively simple processing of negative emotional stimuli, such as emotional faces or words, but also more cognitively demanding processing such as self-referential processing of emotional stimuli (Grimm et al., 2009; Lemogne et al., 2009 Lemogne et al., , 2010 Lemogne et al., , 2012 . However, no studies have examined how CBT might affect brain functioning associated with negative self-referential cognition. Thus this relationship and the relationship between CBT and the neural connections between the frontal and limbic regions remain poorly understood.
Our previous study revealed that depressive patients show high levels of activation in the MPFC and vACC during self-referential processing . We therefore hypothesize that depressive patients (before receiving CBT) would show greater MPFC and vACC activation relative to healthy participants. Goldapple and colleagues (2004) reported decreased activation in the MPFC at resting state following CBT but not after treatment with an antidepressant medication (paroxetine).
Another study also suggested that antidepressants may have no effect on MPFC overactivation during self-referential processing in depression (Lemogne et al., 2010) .
We hypothesize that abnormal MPFC, vACC, and amygdala activation during a self-referential task involving negative stimuli might be attenuated following CBT. In 7 demographic and clinical characteristics of the participants are presented in Table 1 .
Nine patients in the current study also participated in our previous study .
Healthy control participants (n=15) were recruited from normal populations.
These control participants endorsed no symptoms of depression and had no history of psychiatric disorder. All patients and control participants had normal vision, and reported no notable health or eye problems.
The Ethics Committee of Hiroshima University approved the study protocol.
Informed consent was obtained from all participants.
---- Table 1 Thoughts Questionnaire (ATQ), and Response Styles Questionnaire (RSQ) were used to measure psychological factors in depressive patients. A more detailed treatment protocol is described in our previous report .
The healthy control participants were administered the Beck Depression Inventory (BDI) at the start and end of the research about12 week interval.
Experimental design
All participants underwent two fMRI scans, about 12 weeks apart, while they did the judgment tasks. For the depressive patients, the scans occurred before and after the completion of 12 weeks of CBT. The healthy control participants did not participate in any experimental intervention during the 12-week interval. Details of the 9 experimental design have been described in our previous study (Yoshimura et al., 2009 ).
In the judgment tasks administered during the fMRI scans, the participants were instructed to make one of four judgments about visually presented words. In the self-reference condition, participants judged whether or not each trait word described them. In the other-reference condition, participants judged whether or not each trait word described the Prime Minister of Japan (Jun-ichiro Koizumi). In the semantic-processing condition, participants judged whether or not it was difficult to define each trait word. In the letter-processing condition, participants assessed whether or not each trait word contained a specific target letter. The semantic-processing and letter-processing conditions were used to control for extraneous variables such as the visual and motor processing of stimuli, as well as language processing.
The four judgment conditions each included both positive and negative word stimuli, resulting in a total of eight conditions overall. For all conditions, participants made a "yes" or "no" response by pressing a button with the right-hand index or middle finger, respectively. Button presses were recorded using an MRI-compatible keypad (Lumitouch, Lightwave Technologies; Richmond, BC, Canada). Participants performed each condition a total of four times, with each performance of a condition consisting of 10 a block of five trials. At the onset of each condition block, a fixation cross was displayed for 1000 ms, followed by an instruction cue presented for 3000 ms (e.g., "self-reference condition"). Participants then received five trials consisting of a fixation cross displayed for 1000 ms, followed by an adjective displayed for 3000 ms and the participant's response. A fixation point was then displayed for 4000 ms, followed by the instruction cue for the next block of five trials. Each condition was presented separately.
The duration of each block was 28 s. To control for order effects, blocks within a run were presented in a pseudo-random order, with no two consecutive blocks featuring the same instructions. The total time for the self-reference task was 908 s. Both responses and reaction times were recorded using Presentation software.
fMRI data acquisition fMRI was performed using a Symphony 1.5 T device (Siemens, Tokyo, Japan).
A time-course series of 227 scans was acquired with T2*-weighted, gradient echo, echo planar imaging (EPI) sequences. Each volume consisted of 38 slices, with a slice thickness of 4 mm with no gap, and covered the entire cerebral and cerebellar cortices.
The interval between two successive acquisitions of the same image (TR) was 4000 ms, the echo time (TE) was 48 ms, and the flip angle was 90°. The field of view (FOV) was Scan acquisition was synchronized to the onset of each trial. After functional scanning, structural scans were acquired using a Tl-weighted gradient echo pulse sequence ( To perform image data analysis, a whole-brain voxel-by-voxel multiple linear regression model was employed at the individual participant level. The individual model comprised the covariate of no interest (realignment parameters). We examined the contrasts between the self-reference conditions and the sum of the two control conditions (semantic-processing and letter-processing) for both positive and negative valence words. Since we were only interested in activity during self-referential 12 processing, the other-referential condition was excluded from analysis. These contrasts were submitted to group analysis, using a random effect model. We conducted whole brain three-way repeated measures ANOVAs as implemented in SPM8 with group (patients vs. healthy) as a between-subjects factor, and time (time 1 vs. time 2) and emotional valence (positive vs. negative) as within-subjects factors. To exclude gender effects, we added participant gender as a nuisance covariate. Activations were reported p < 0.001 (uncorrected) over the 30-voxel level. All coordinates are reported using the Montreal Neurological Institute (MNI) coordinate space. Signal intensity from the three-way interaction active cluster was extracted using the volume of interest (VOI) tool in SPM8, and multiple comparisons (Bonferroni correction) of three-way interaction effects were conducted using SPSS.
To examine the brain activation during the self-referential task that predicts subsequent CBT responses, we performed a correlational analysis between percentage improvement in HRSD score (= (1-HRSD score at time2/HRSD score at time1)*100)
for each depressive patient after CBT, and activation of brain regions in depressive patients before CBT was received. In addition, to examine the changes of brain activation following CBT, which were associated with reduction of rumination (= -(rumination score at time2/rumination score at time1)-1*100), we conducted a 13 correlational analysis between reduction of rumination and activation of brain regions in depressive patients following CBT.
Results
Effect of CBT (Table 1) The CBT group treatment was generally effective in reducing depression, as 
Behavioral data
We conducted a three-way ANOVA for the judgment ratio data in the self/positive and self/negative conditions with group (patients vs. healthy) as a between-subjects factor, and time (time 1 vs. time 2) and emotional valence (positive vs.
negative) as within-subjects factors. Due to a technical problem, the behavioral data of 14 two depressive patients were incomplete; therefore, only 21 patients were included in the ANOVA. The three-way interaction was significant (F [1,34]= 5.17, p < 0.05).
Multiple comparisons (a Bonferroni correction) showed significant judgment rate differences between time 1 and time 2 for the depressive patients in the self/positive condition (p < 0.05). In the self/negative condition, the difference between time 1 and time 2 for the depressive patients was marginally significant (p = 0.073).
We conducted a three-way ANOVA for the reaction times in same way as for the judgment ratios. Only a significant main effect of emotional valence was found (F There were no other significant interactions.
- between treatment response and pre-treatment vACC activity during self/negative conditions. These findings represent the first report of CBT-related changes in vACC activity in depressive patients during self-referential processing of negative stimuli.
Previous studies have reported that the MPFC might play an important role in self-referential processing (Fossati et al., 2003 (Fossati et al., , 2004 Kelley et al., 2002; Moran et al., 2006; Schmitz et al., 2006) . In addition, our previous work revealed that the MPFC is associated with self-referential or other-referential processing of emotional stimuli (Yoshimura et al., 2009 ). The vACC was also engaged, particularly during self-referential processing of negative emotional stimuli. In addition, our previous work with depressive patients revealed that MPFC and vACC activations during self-referential processing of negative emotional stimuli are correlated with symptoms of depression. This relationship between the MPFC and the vACC might underlie a "vicious cycle" of self-referential and negative emotional processing (Northoff, 2007) .
The present study identified decreased activation in the MPFC and vACC following CBT, which suggests one mechanism whereby CBT might attenuate depressive cognitive-emotional processing. In addition, CBT was associated with increased MPFC and vACC activity during self-referential processing of positive stimuli. Ritchey et al. (2011) reported increased ventral MPFC activity during the processing of positive stimuli following CBT. However, this CBT effect on brain activation was not emotion-specific, given that activation increases were identified for 19 positive as well as neutral and negative stimuli.
The present results suggest that the increases in more balanced, positive thinking and pleasant activity that follow successful CBT promote a more positive self-concept, such that the MPFC and vACC become more responsive to positive stimuli during self-referential processing. Previous functional brain imaging studies of CBT have reported that CBT alters resting state activation of the MPFC, ACC, and DLPFC Seminowicz et al., 2004) . These data imply that CBT works to effect top-down modulation from the cortical to the limbic region . Our findings appear to support top-down modulation, given the direct MPFC and vACC activation changes that we observed.
CBT for depression includes at least two essential components. One is identifying and correcting inaccurate thoughts associated with negative emotion (cognitive restructuring). Another is helping patients to engage in more pleasurable activities, such as exercise or listening to music (behavioral activation). Recent brain imaging studies of emotion regulation as a component of CBT report that the lateral prefrontal cortex and MPFC are associated with emotion regulation, and that these regions inhibit the amygdala (Etkin et al., 2006; Ochsner et al., 2002; Wager et al., 2008) . CBT is thought to correct dysfunctional cognitive processes that maintain depression, such as rumination, overgeneralization, and self-focused attention. These dysfunctional cognitive processes might be associated with amygdala or ventral/rostral ACC activation. Some research reports that improvements in depressive symptoms are associated with attenuated activation in these regions.
However, the present study did not find decreased amygdala activity during self-referential processing of negative stimuli. These results perhaps indicate that decreased negative emotional processing occurs concurrently with decreased self-referential processing.
On the other hand, Dichter and colleagues (2009) suggested that behavioral interventions for depression (behavioral activation therapy) might enhance brain reward system functioning, which includes regions such as the striatum involved in reward selection. We can assume that cognitive and behavioral interventions improve depressive symptoms to a similar degree, but perhaps via different mechanisms. The present intervention included both types of intervention and we could not relate these separate components to specific patterns of brain activation. Future research could distinguish between CBT components, and examine the effect of each component on brain functioning associated with changes in cognition and behavior.
CBT treatment response in the present study was associated with vACC activation in the self/negative condition. The negative correlation between treatment response and vACC activation in the self/negative condition suggests that depressive patients with relatively low sensitivity to negative emotion benefitted most from CBT or other treatment. In the study of Siegle et al. (2006) , depressive patients received CBT and participated in an fMRI scan during a self-referential task. They reported that treatment improvement was correlated with vACC activity before receiving CBT, as was also found in our present study. They suggested that CBT is useful for depressive patients who cannot engage in sufficient emotional regulation.
Although our present results are consistent with the results of Siegle et al.
(2006), we have a different interpretation. Because CBT decreased vACC activation during the self/negative condition, the vACC activation observed here was likely associated with self-referential processing in the form of rumination, rather than emotional regulation. In addition, recent research has reported an association between rumination and vACC function in the context of both self-referential processing and depression (Berman et al., 2011; Cooney et al., 2010; Heatherton, 2011; Ray et al., 2005) . These researchers suggest that vACC activity might reflect attention toward one's internal emotional state in depression.
However, not only self-referential tasks activate the vACC but also other cognitive tasks using emotional stimuli often activate the vACC in depression (Fu et al., 2008; Keedwell et al., 2005; Matthews et al., 2008) One possible explanation about vACC functioning in depression may be that vACC activation reflects emotional processing which is emphasized by ruminative processing which focuses on negative aspects of self. Indeed, rumination is thought to be associated with less responsiveness to both antidepressant drugs and CBT (Ciesla & Roberts, 2002; Schmaling et al., 2002) , because depressive patients who have severe rumination might have difficulty learning CBT components such as monitoring mood, emotion regulation, and engaging positive activity. Patients who engage in limited rumination may typically respond quite well to standard CBT that is focused on challenging the content of negative cognitions. We consider that this interpretation is supported by the correlation between the reduction of rumination and activation changes in the vACC during the self/negative condition following CBT. However, vACC functioning in depression is a complicated issue, which needs further consideration.
Limitations
The present study has limitations. First, patient symptom severity was relatively mild. The present findings remain to be generalized to patients with more severe depression. Second, the depressive patients who participated in this study received pharmacotherapy throughout their participation in CBT, such that their treatment histories were not controlled. Thus, we could not rule out pharmacological treatment effects on the brain activity that we observed in the present study. It might be possible that changes of brain activation and clinical symptoms were due to pharmacotherapy or spontaneous rather than produced solely by CBT. Third, test-retest reliability of the task used in present study was poor. The fMRI indicated that healthy participants showed increasing activity in the vACC and MPFC in the self/negative condition, and decreasing activity in these regions from time 1 to time 2. Some other research studies have reported variability of signal change by repeated fMRI measurement (Fu et al., 2008; Jensen et al., 2012; Johnstone et al., 2005) . We consider that if the signal changes that we found in both depressive and healthy participants were spontaneous, then the direction of signal change might be same. But the signal changes from time 1 to time 2 between depressive and healthy participants were in opposite directions. In addition, there were no significant correlations between brain activity and BDI or behavioral data in the healthy participants. It is difficult to speculate about the reason for these relative activation changes from time 1 to time 2, but activation changes from time 1 to time 2 in depressive patients were explained by receiving CBT or other antidepressant effects.
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In summary, we found that CBT influences MPFC and vACC functioning related to self-referential processing of negative emotional stimuli. It is therefore possible that the effect of CBT on depressive symptoms is mediated by MPFC and vACC activity associated with self-referential processing. In addition, the present study suggests the possibility that vACC functioning could be a useful index for treatment response to CBT for depression. 
